Natural thermal insulation materials developed from renewable crop by-products and natural binders are analysed in terms of their thermal degradation and fire behaviour. A pyrolysis combustion flow calorimetre (PCFC) is used to characterise some kinds of crop by-products, including rice husk, corn pith and barley straw. This technique is complemented with a TG analysis. Six thermal insulation materials, formulated with such crop by-products and two kind of natural binders, corn starch and sodium alginate, are developed and analysed. PCFC results show an improvement when sodium alginate is incorporated, especially in the corn pith composite. Fire reaction tests are also performed that yield results which are in qualitative agreement with the small-scale tests.
Natural thermal insulations were formulated with the above vegetal materials. Two polysaccharides, supplied by Cargill S.A, were used as binders: corn starch and sodium alginate.
The formulations, presented in Table 2 , were optimised in a previous work [22] in order to obtain suitable composites, which appearance is shown in Fig.1 . Table 2 also shows the corresponding bulk densities. Since the thermal conductivity values are similar in all cases, the thickness required to achieve a given thermal resistance is the same in all cases. Therefore, insulations made with corn pith, which has the lowest density, will have the lowest mass per surface unit. Table 2 , from left to right rice husk, corn pith and barley straw based boards.
Crop type
Cellulose (%) Hemicellulose (%) Lignin (%) Silica (%) Ash (%) Ref. 
Pyrolysis Combustion Flow Calorimetre
Small-scale flammability tests were carried out on a Fire Testing Technology Pyrolysis
Combustion Flow Calorimetre (PCFC). The heating rate at the pyrolyser was set to 60°C/min up to a maximum temperature of 750ºC. Products from the anaerobic thermal degradation completed in a nitrogen atmosphere were mixed with a 20 cm 3 /min stream of oxygen prior to entering the combustion furnace at 900°C.
Thermogravimetric Analysis
Thermogravimetric analysis (TGA) was performed in an inert atmosphere using a TA Instruments SDT Q600. Measurements were taken out under a nitrogen atmosphere with a heating rate of 10°C/min from 30ºC to 600ºC. For each experiment a mass of 5 mg  0.5 mg was used and the flow rate of gas was 50 ml/min.
Ignition time and extinguishability
A radiator device described in the Spanish Standard UNE 23.725-90 was employed to measure the ignition time and the degree of extinguishability of combustion. Samples of surface 70x70 mm 2 and variable thickness were placed on a metallic grid 3 cm below a heat source of 500W, which was removed and replaced after each ignition and extinction, respectively. The most important parameters determined were the number of ignitions and the average value of combustion extent during the 5 minutes of assay.
Limiting Oxygen Index (LOI)
The Limiting Oxygen Index was determined using the device described in UNE-EN ISO 4589-2. Samples of 70x2x0.5 mm were placed vertically in a test chimney. A gas mixture of nitrogen and oxygen was then blown through the chimney and the sample was ignited. This procedure was repeated a minimum of six times for each composite, the oxygen concentration of the gas mixture being changed every time in order to determine the concentration at which the sample burned.
Results and discussion

PCFC analysis of crop products and binders
Small samples of 10 mg (±0.5mg) in mass were tested in the Pyrolysis Combustion Flow
Calorimetre (PCFC). Each case was tested in triplicate. All the samples show a clear peak, mainly as a result of the thermal decomposition of cellulose.
In some cases, a 'shoulder' is observed at lower temperatures (under 300ºC), which is commonly associated to the thermal decomposition of hemicellulose [7, 23] . This shoulder is quite clear in rice husk and barley straw samples but is not present in corn pith. The high temperature tails that appear in all curves may be associated with lignin, the degradation temperature range of which is wide, from 200ºC to 500ºC [8] . Results qualitatively agree with the chemical composition shown in Table 1 despite the noticeable dispersion in values found in literature. The heat release rate for the two binders used in the natural insulations conformation is presented in Fig.3 . The differences between these two binders are remarkable: whereas sodium alginate presents two peaks of a lower magnitude than peaks observed in the crop materials, starch has a sharp and much higher peak around 300ºC (the different scales may be observed in the figure). -Onset temperature of combustion (To), here considered as the temperature when the HRR value is 10 W/g.
-Temperature corresponding to the maximum heat release rate (Tmax) -Maximum heat release rate (PHRR).
-Mass loss fraction (Mloss) 
Thermogravimetric analysis of crop by-products and binders
The two binders and the three crop by-products have been studied by thermogravimetric analysis (TG). Fig. 4 shows the results obtained for the mass loss and its derivative. Crop byproducts behaviour (left graphs) agrees qualitatively with the PCFC results shown in Table 3 , the rice husk having the lowest weight loss and the lowest peak, which appears at the highest temperature. Barley straw and corn pith have a similar weight loss, but in the case of the corn pith the peak appears at a slightly lower temperature. An appreciably different behaviour is observed between the two binders (right graphs). Starch weight is reduced by 90% and the derivative presents a sharp peak with a magnitude approximately three times higher than that obtained for the alginate and the crop by-products (the different scale may be observed in the figure). This higher peak indicates a faster thermal decomposition. As was also observed in PCFC results, the main peak in the alginate occurs about 80ºC before the peak in the starch. The second decomposition of alginate, around 400ºC is hardly noticeable. 
PCFC analysis of natural insulation materials
The six thermal insulation materials presented in Table 2 On the other hand, alginate has a very low contribution to the heat release and, in general, significantly improves the fire behaviour of the crop by-products. These results are compared with those obtained for other commercial organic foams (polystyrene and polyurethane), thereby confirming that insulations based on crop by-products present a better fire behaviour than organic foams (see Table 4 ). The HR of these foams is found to be between 2 and 6 times higher. In particular, polystyrene presents a remarkably high PHRR (about 10 times higher than bio-based insulations), which however appears later (at approximately 430ºC). Table 2 . 
Ignition time and extinguishability test for the natural insulations
Three samples of each thermal insulation were analysed according the test described in Section 2.4. The thickness of each sample was selected in order to obtain a similar mass of 10 g (± 1 g) in all samples. Therefore, due to the large difference in densities (Table 2) , the thicknesses ranged from 1.0 cm for the rice husk based materials to 3.3 cm for the corn pith based materials (see Table 5 ). The surface exposed to the radiator was 70x70 mm 2 in all cases. The parameters obtained from the test, and shown in Table 5 are: On the application of the radiator, the first ignition occurred within seconds, the specimens made with rice husks taking longer. The radiator was then removed, and once the flame was extinguished a progressive smouldering was observed, with the exception of the rice husk samples. Since this test assesses the occurrence of flame, the radiator was replaced after each extinction until the 5 minutes of the assay were completed. The results for t ig show that the natural insulators formulated with starch have ignitions of longer duration than that formulated with alginate, and therefore a worse behaviour might be expected in case of fire. After the five minutes of the assay, and without additional application of the radiator, smouldering is observed to continue until the almost complete consumption of the samples formulated with corn pith or barley straw. The mass loss fraction Mloss shown in Table 5 is calculated once smouldering is finished. Although the rice husk samples have a greater number of long ignitions, this accounts for why their mass loss is smaller. Especially remarkable is the case of corn pith with alginate, which undergoes only one flaming ignition of short duration, but reduces its mass by 90% because of smouldering.
Limiting Oxygen Index (LOI) results
In general, results for LOI are in concordance with those previously recorded with the microcalorimetre and the ignition and extiguishability test. In this case, samples with the same size were compared (thus with different mass) in order to determine when consumption occurs, either with or without flame (smouldering). Rice husk composites burn at a clearly higher oxygen index than barley and corn, and corn as expected present smouldering. Nevertheless, small differences are observed between binders, indicating that this test may not be sufficient to reveal such differences. 
Thermal insulation OI
Rice husk + starch 26.8
Since rice husk is the crop by-product with the lowest heat release, the addition of starch worsens its behaviour. PCFC results show similar behaviour for materials incorporating the same binder, regardless the crop by-product used, which indicates that binders, even in small portions, have a strong influence on the thermal degradation of the composites. In any case, the fire properties of the six experimental natural insulation materials are very favorable when compared with other organic foamy materials commonly used in building insulation, such as polystyrene and polyurethane.
Fire reaction tests on a larger scale agree qualitatively with the microgram scale PCFC results.
In the ignition and extinguishability test, fewer ignitions with significantly shorter duration are observed for the materials with alginate in comparison with those containing starch. In particular, the mixture of corn pith and alginate yields an extremely good result, with only one ignition with duration of only 7 seconds. However, this result refers only to flaming combustion, and a smouldering process is also observed, which slowly burns the specimens (with the exception of the samples performed with rice husks). Such smouldering, also observed in the LOI experiments, constitutes an important problem that remains to be solved, and further research is needed to minimise this negative point.
In our opinion, the fire behaviour of the crop by-products based insulation is a positive aspect to be added to the other benefits that, in terms of environmental impact, have in front of other commercial insulations. Although the six formulations could satisfy the necessities for their application as building insulation, our results point to the one consisting of corn pith and alginate as highly promising. It is worth pointing out that PHRR provides the results per unit of mass, but insulations made from corn pith have densities approximately 3 times lower than the others. This means that, as thermal conductivity is similar in all the cases, in a real situation the insulation made with corn pith would contain a lower mass, and therefore a lower fire load than the others.
